ABSTRACT
Introduction
Presence of many pollutants in water and wastewater has increased recently due to high increase in various industrial activities. Using dyes in many industries [1] such as textile, paper, plastics, leather, food and cosmetic, represent a large group of chemicals that get mixed in wastewater among many aqueous pollutants. In recent years, there is a dramatic increase in the annual production of different synthetic dyes representing more than 10,000 dyes [2] . Many azo dyes and their intermediates have toxic effects on environment and human health due to their carcinogenicity and visibility [3] . It was reported that incomplete degradation of dyes by bacteria in the sediment resulted in production of some carcinogenic and harmful amines [4] . In addition, presences of color substances in the water body may decrease the light transmission which decreasing the photosynthesis activity, leading to decrease growth of bacteria and hence decreasing the biodegradation of impurities in water [5] . Methylene blue dye (MB), is basic dye has been extensively used in textiles and printing industry, and it has been found as non-biodegradable dye. Therefore, it is essential that wastewater contaminated with MB dye to be given some treatments before discharge.
Many treatment techniques have been applied to a broad range of water and wastewater contaminated with dyes including physical-or chemical-treatment processes [6] . These include chemical coagulation/flocculation [7, 8] , ozonation, oxidation, photodegradation [9] , ion exchange, irradiation, precipitation and adsorption. Several critical reviews on current treatment technologies were reported [10] . Many of these techniques are costly, required various tools and have limitations. It has been reported that the adsorption onto activated carbon, have proven to be the most efficient and reliable method for the removal many pollutants, including different dyes [7] . Although commercial activated carbon is very effective adsorbent, its high cost requires the search for alternatives and low-cost adsorbents [11] . Several low-cost adsorbents have been . On the other hand, Salvadora persica (miswak or arak) is a common plant found widely in different areas in Jazan, Saudi Arabia in addition to other countries. Miswak has been used by many Islamic communities as toothbrushes, and has been scientifically proven to be very useful in the prevention of tooth decay, even when used without any other tooth-cleaning methods [13, 14] . However, roots of miswak only are used as a toothbrush and the rest of plant such as leaves possibly remain as an agriculture waste. To make further use of the plant, the present study is an attempt to use miswak tree leaves, as nonconventional low-cost adsorbent for removal of MB dye from aqueous solution. The capacity of adsorbent for adsorbate is obtained by adsorption isotherm model, which is the equilibrium relationships between adsorbent/adsorbate systems.
In this study, three models (Langmuir, Freundlich [15-19,] and Temkin [20, 21] have been used to describe the sorption process of MB onto miswak leaves. Furthermore, kinetics of MB adsorption onto miswak leaves will be investigated using a pseudo-first order [15] , a pseudo-second order [22, 23] and an intraparticle diffusion [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Linear regression analysis method will be used to determine the most fitted model and finding its parameters [25] .
Experimental

Chemicals
All chemicals used in this study were of analytical-grade and used without further purification. Methylene blue (MB) or basic blue-9 is a monovalent cationic dye with a molecular formula of C16H18N3ClS (Mo. Wt. 319.85 g/mol), used as the model adsorbate in the present study to evaluate the efficiency of leaves Salvadora persica (miswak) as a natural adsorbent. The chemical structure of MB is shown in Figure 1 . HCl, NaOH used to adjust the pH were purchased from BDH. 
Adsorbent
Salvadora persica (miswak or arak) was used as a natural adsorbent. Salvadora persica plant is a member of the Salvadoraceae family. Leaves of miswak were collected from fields around El-Ardh area (Bathan) in Jazan, Saudi Arabia. Adsorbent was air dried and washed several times with distilled water, dried again then ground well and sieved.
Preparation of Dye Solutions
Methylene blue (MB) was used in this study as an environmental pollutant. Stock solutions (1000 mg/L) of MB dye were prepared by dissolving the required amount in distilled water. Batch experimental solutions were obtained by diluting the dye stock solutions in accurate different initial concentrations. Calibration curves were prepared by serial dilutions (1.0 to 10.0 mg/L).
Adsorption Studies
In batch adsorption experiments, certain amounts of miswak were added into several 10 mL bottles, each containing 5.0 mL solution of MB dye with [MB] 0 of 120 mg/L. Then the bottles were stirred at 800 rpm for 80 min using a magnetic stirrer at room temperature. Miswak in the samples was separated by centrifugation and the concentrations of dye at any time ( t ) were determined in the supernatant solutions. Adsorption isotherms were determined by introducing 0.005 g (1.0 g/L) miswak to respective 5.0 mL of different dye concentrations (16 -150 mg/L) at room temperature.
C
Effect of Adsorbent Mass
To investigate the effect of adsorbent mass, different mass of miswak 0.005 to 0.015 g (1 -3 g/L) was introduced to a number of glass tubes containing a specific volume of a fixed [MB] 0 at the same pH and room temperature. Concentrations of MB were measured at equilibrium.
Effects of Initial Dye Concentration ( 0 C ) and Cont valuate the effec act Time
To e t of both contact time and adsorpsed to obtain calibration kinetic, experiments were conducted at different periods using previously described system. 
Analytical Methods
where , and are the initial concentration,
any ti and equilibrium concentrations of dye solution (mg/L), respectively, V is the volume of the solution (L), and W is the mass of adsorbent (g) [26] .
The dye removal percentage can be calculated as folws:
Equilibrium Isotherm Modeling
between the del is used to predict the
The experimental data at equilibrium amount of adsorbed dye ( e q ) on the adsorbent (miswak) and the concentration of d e in solution ( e C ) at a constant temperature and pH were used to describe the optimum isotherm model. The linear forms of Langmuir, Freundlich [15] [16] [17] [18] [19] and Temkin [20, 21] equations (Table  1) were used to describe the equilibrium data. Applicability of these equations was compared by judging the correlation coefficients (R 2 ) [25] .
Langmuir Isotherm y
The Langmuir isotherm mo sorption of aqueous compounds onto a solid phase [15, 19] . This mechanistic model assumes that a monolayer of adsorbed material (in liquid, such as MB) is adsorbed over a uniform adsorbent surface (a flat surface of solid phase, such as miswak leaves) at a constant temperature and that the distribution of the compound between the two phases is controlled by equilibrium constant. Hence at equilibrium both rates of adsorption and desorption are equal. The Langmuir equation is derived as:
where m (the maximum capacity of adsorption, mg/g,) and q L K (a constant related to the affinity of the binding sites, L/mg,) are the Langmuir isotherm constants. Both m and q L K will greatly impact the conclusions made about the experimental data and can be determined by a simple method of equation optimization by linear regression [25] . That is to transform the isotherm variables to a linear form and then to apply the linear regression analysis of known e and e values as described by Lineweaver-Burk (Langmuir-II).
C q
Freundlich Isotherm
Freundlich isotherm model [15, 19] is assuming that the adsorption process takes place on a heterogeneous surface. The Freundlich exponential equation is given as:
where F K ((L/mg) is an indicator of the adsorption capacity and 1 n is the adsorption intensity and indicates both the relative distribution of energy and the heterogeneity of the adsorbent sites. The linear form is derived by taking the log of the terms as shown in Table 1 .
Temkin Isotherm
Temkin isotherm model (Equation (5)) was used also to test the adsorption potential of miswak leaves to MB dye. This model is taking into account the effects of indirect adsorbate/adsorbate interactions on the adsorption process. Furthermore, the model is assuming that the heat of adsorption (H ads ) of all molecules in the layer decreased linearly by increase the coverage. The linear form of Temkin is given as follows:
ln ln , the adsorbed amount (q t ) onto miswak leaves increased 6.5 times (from 6.2 to 40.0 mg/g). Also, as the contact time increased to 30 min, q t increased by about seven times (from 9.01 to 62.13 mg/g). Therefore, the adsorption of MB dye was very rapid during the first 10 min, and increased gradually during the second 20 min until reached equilibrium at 30 min. The results showed that the uptake of MB dye by miswak leaves depends on [MB] 0 and contact time. This is because [MB] 0 act as the driving force that increases the mass transfer of MB dye from aqueous solution onto the surface of miswak leaves. During the adsorption process, solutions with different initial concentrations possibly will reach equilibrium at different times. This may be due to the time required for the dye molecules to encounter the boundary layer effect, then diffuse to the surface of the adsorbent and finally diffuse to the porous structure of the adsorbent [27] . Therefore, solutions with low initial concentration (16 mg/L) reached equilibrium first at about 30 min, while solutions with high initial concentration of 150 mg/L takes longer time and reached equilibrium at 60 min. To ensure complete equilibrium of the data, adsorption samples were collected at 80 min. It was noted that as [MB] 0 dye increased from 16 to 150 mg/L, the removal % at equilibrium decreased by 25% (from 55.78 to 41.79%). This may be because the constant number of available sites in miswak leaves is easily saturated by the increase of [MB] 0 , which would lead to a decrease in the removal percentage of MB dye. Other researchers reported similar trend [28, 29] . Furthermore, Figure 2 
Effect of Solution pH on Dye Removal
Experiments were conducted at 120 mg/L [MB] 0 , 1.0g/L miswak leaves dose, and 80 min contact time at 303 K, to study the effect of solution pH on the equilibrium adsorption capacity (q e ) of MB dye onto miswak leaves as shown in Figure 3 . It is indicated that q of MB dye reaching a maximum in a basic medium u by decreasing the pH values in the acidic medium. of MB dye in a basic medium (at the pH range of 10.6 to 12.0) reached 60.9 mg/g and become about 13.54 at pH 2.8. Therefore, further adsorption experiments were performed at pH 10.6 as an optimum pH value. The variations in the pH values from acidic to alkaline medium would affect the adsorption rate because both the degree of ionization of dye molecules and the surface properties of the adsorbent (miswak leaves) would vary. It is previously reported that the adsorption process increased by increasing the electrostatic attraction [2] . Thus anionic dyes (dye − ) are favorably adsorbed by the adsorbent at [2] . Therefore, performing the adsorption in the basic medium, at pH 10.6, would increase the negative charge on the adsorbent surface causing an increase in the electrostatic attraction between cationic dye molecules (MB dye -) and the surface of miswak leaves, hence increasing the adsorption rate of resulted only in about hus 1.0 g/L of MB dye. On the other hand, the presence of high concentration of H + ions in the acidic medium at pH 2.8 would make them compete effectively with cationic dye molecules (MB dye -) causing a decrease in the amount of dye adsorbed. These results can be further proven by opposite behaviour shown for the adsorption of anionic dyes such as methyl orange (MO) onto Lapindo volcanic mud (LVM) [30] . It was found that the highest adsorption capacity was obtained at pH 3. In addition, a similar trend was shown by the adsorption of some metal cations onto different adsorbents [31, 32] .
Effect of Adsorbed Amount
At constant [MB] 0 (120 mg/L), different amounts of miswak (0.5 to 3.0 g/L) were added to dye solutions (0.005 L) to study the effect of miswak leaves amount on MB dye adsorption. Results in Figure 4 shows that the adsorption capacity of MB dye in the first stage increased rapidly with the increase in the adsorbent dose then increased slowly with the further increase in the adsorbent dose. It can be seen that at 1.0 g/L of the adsorbent dose, the adsorption capacity of the dye reached the most at 60.90 mg/g. Then an increase in the dose of miswak leaves from 1.0 to 3.0 g/L 0.7 mg/g more to reach 61.8 mg/g. T miswak leaves was chosen as the optimum dose and used in the further experiments. The increase in adsorption capacity of MB dye with the increase in the amount of miswak leaves up to 1.0 g can be assigned to the increase in both the surface area and the adsorption sites to MB dye molecules [23, 33] . The adsorption of methylene blue and indigo carmine dye onto different adsorbents such as grass waste, rice husk ash, and bamboo-based activated carbon respectively [23, 29, 33] was reported with a similar trend.
Isotherms for the Sorption Process
Langmuir isotherms
Linear fit of Langmuir-II for the adsorption of MB onto miswak leaves at 30˚C is shown in Figure 5 . The value of q m , K L and R 2 are presented in Table 2 . The results indicated that linear form of Langmuir-II model shows htl an her 1 n (indicative of favorability) is 0.85, which is close to the unity and indicates the favorability of the adsorption process [5] . Therefore, Freundlich model is still a good model to describe the adsorption data.
Temkin Isotherms
n isotherm was chosen to In addition, Temkin adsorptio fit with the equilibrium adsorption data. The linear plot of the Temkin isotherm at 303 K is illustrated in Figure  8 
Adsorption Kinetics
In order to study the adsorption of MB onto miswak leaves and to interpret the results, experim ntal data obtained were fitted to different kinetic models such as the pseudo-first-order [15] , the pseudo-second order [22, 23] and an intraparticle diffusion [15, 24] . Figure 10 show linear plots for all different initial conce . Therefore, the adsorption of MB onto miswak is ly represented by the pseudo second-order kinetics. Moreover, adsorption process of MB onto different natural adsorbents such as a pineapple leaf powder (PLP) undergoes second-order kinetics [40] .
Intraparticle Diffusion Study
In order to investigate the mechanism of the MB adsorption onto miswak, intra-particle diffusion based mechanism was studied. It is proposed that the uptake of the adsorbate (MB dye) by the adsorbent (miswak leaves) r sorption system as: a tra-part diffusion rate constant ( g/g·m ). The ). Weber and Morris [15, 24] proposed the most-widely applied intra-particle diffusion equation fo
where, t q is the mount of MB dye adsorbed per unit mass of adsorbent (mg/g) at a time t and id k the in- may be seen that the intra-particle diffusion of MB dye occurred in 2 stages. The first straig portion is attributed to the macropore diffusion (phase I) and the second linear portion is attributed to micro-pore diffusion (phase II) [41] . The intra-particle diffusion constants for these 2 stages ( 1d k and 2d k ) are given in Table 5 . Results indicated that the adsorption of MB dye onto miswak involved more than one process, and the intra-parti transport is not the rate-limiting step. Such finding is similar to that made in previous works on adsorption [2] . In addition, the rate constants of the intra-particular diffusion on miswak were slow and increased by the increase in [MB] 0 , hence MB dye as a big molecule, diffused slowly among the particles during the adsorption process. Similarly Jadhav, D. N. et al. [41] , reported slow rate of sorption in case of big molecules such as acidic, basic and disperse dyes on sawdust, polymerized sawdust and sawdust carbon respectively.
On the other hand, the sorption rate was generally fast and the intra-particle diffusion was the rate-limiting step in case of sorption of metal ions [42] and sorption of different dyes onto banana and orange peels [15] .
Validity of Kinetic Models
The applicability of both pseudo-first order and pseudosecond order models for the adsorption of MB onto miswak were verified at different [MB] using the sum of 
where, T is the temperature (K), R is gas constant (kJ/mol·K), C K (L/g) is the standard thermodynamic equi constant, e q is the amount of adsorbed MB dye per unit mass of miswak leaves at e m (mg/g) and e C is the equilibrium aqueous concentration of MB. The Gibbs free energy change (G˚) is negative indicating that the adsorption process of MB onto miswak is spontaneous. rption of MB was faFurther re, the adsorption process i pontaneous follows pseudo-second order kinetics and the mechanism involved more than one process. The present work revealed that the miswak leaves are a promising material for th oval of MB dye from aqueous solutions.
Conclusions
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